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The effect of different current regimes of electrolysis on the micro- and nanostructural characteristics 
of open porous structures was examined by the analysis of honeycomb-like copper electrodes obtained by 
constant galvanostatic (DC) electrodeposition and by regimes of pulsating (PC) and reversing (RC) current. 
An increase in the number of holes formed by detached hydrogen bubbles, the decrease in wall width 
between holes and changes in surface morphology around holes from cauliflower-like agglomerates of 
copper grains to dendrites were observed in the following order: the DC, PC and RC regime. The hole size 
formed in the RC regime was smaller than the hole size formed in the DC and PC regimes. Analysis of the 
obtained structural characteristics showed that the specific surface area of the honeycomb-like electrodes 
was increased by the application of the PC and RC regimes in relation to the DC regime. 
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ВЛИЈАНИЕ НА РЕЖИМОТ НА ЕЛЕКТРОЛИЗАТА ВРЗ СТРУКТУРНИТЕ 
КАРАКТЕРИСТИКИ НА САЌЕСТИТЕ ЕЛЕКТРОДИ
Беше испитувано влијанието на различните режими на струјата при електролизата врз 
микро- и наноструктурните карактеристики на отворените порозни структури со анализа на 
саќестите електроди добиени со константна галваностатична (DC) електродепозиција и со режим на 
пулсирачка (PC), како и повратна (RC) струја. Со зголемувањето на бројот на отвори образувани од 
одделни водородни меурчиња се намалува дебелината на образуваниот ѕид и се менува површинската 
морфологија околу отворите од формата на агломерати на бакарните зрна налик на карфиол, во 
форма на дендрити, и тоа според следниот ред на промената на режимот на струјата: DC, PC и 
RC. Анализата на добиените структурни карактеристики покажува дека специфичната надворешна 
површна на саќестите електроди се зголемува со примена на режимите PC и RC во однос на DC 
струјата.
Клучни зборови: бакар; електродепозиција; морфологија; водородни меурчња; дендрити.
1. INTRODUCTION
Electrochemical deposition processes 
have been shown to be a very valuable way 
to obtain open porous structures with an ex-
tremely high surface area [1, 2]. These struc-
tures, known as 3D foam or the honeycomb-
like foam, are of considerable academic and 
technological significance for potential appli-
cation as electrodes in many electrochemical 
devices, such as fuel cells, batteries and sen-
sors [1], as well as in catalysis [3]. They are 
formed by electrodeposition processes at high 
overpotentials and current densities where, 
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parallel to metal electrodeposition, a hydrogen 
evolution reaction occurs. The main character-
istics of honeycomb-like structures are holes 
formed by detached hydrogen bubbles and the 
agglomerates of metal grains or dendrites that 
form around them [1, 2, 4]. The specific surface 
area of this type of electrode is determined by 
the number and size of holes formed by detached 
hydrogen bubbles as well as by the wall width 
between them [5]. In addition to copper [1, 2], 
which is the most studied system, the formation 
of open porous structures of other metals, such 
as nickel [6], silver [7], gold [8] and lead [9], has 
been also investigated.
The number and size of holes, as well as 
the wall width between them, depend on the con-
ditions of electrodeposition and the electrolysis 
regime. The parameters of electrolysis enabling 
the production of the honeycomb-like electrodes 
in constant regimes (both galvanostatic and po-
tentiostatic ones) have been well-examined and 
systematized [1, 2]. The addition of additives to 
the electroplating solution [5, 10–12] can have a 
significant effect on the formation of this elec-
trode type. The additives used for the improve-
ment of the micro- and nanostructural character-
istics of honeycomb-like electrodes are the same 
as those used in bright copper electroplating [13, 
14]. The effects of these additives on the specific 
surface area of honeycomb-like electrodes are 
equivalent to those obtained with the application 
of periodically changing regimes of electrolysis, 
such as pulsating overpotential (PO) [15–17], 
pulsating current (PC) [18–20] and reversing 
current (RC) [21] regimes.
An increase has been observed in the 
specific surface area of honeycomb-like elect-
rodes produced by the RC regime in relation to 
those produced in the galvanostatic regime (DC 
mode) at a current density equal to the average 
current density in the RC regime [22]. However, 
for the same cathodic current density and 
cathodic time, the same average current density 
is achieved by the regulation of the anodic current 
density / anodic time ratio. From the point of view 
of the formation of honeycomb-like electrodes, 
some combinations of the anodic current density 
/ anodic time ratio can produce copper deposits 
with worse structural characteristics than those 
obtained in the DC mode [22]. For that reason, 
it is necessary to propose some new way for 
the comparison of structural characteristics of 
honeycomb-like electrodes obtained by different 
electrolysis regimes. In this study, in a manner 
based on the same applied current density of 
electrodeposition (the DC regime), the current 
density amplitude (the PC regime) and the 
cathodic current density (the RC regime) with 
the same pause to pulse ratio (in the PC and RC 
regimes) are presented and analyzed. 
2. EXPERIMENTAL
Copper electrodeposition was performed 
from 0.15 M CuSO4 in 0.50 M H2SO4 at room 
temperature using cylindrical copper wires as the 
working electrodes. The counter electrode was 
pure copper. Copper was electrodeposited in the 
galvanostatic regime and by the regimes of pulsat-
ing and reversing current.
Copper was electrodeposited galvanostati-
cally at a current density of 440 mA cm–2 (this 
type of electrolysis is further denoted as the DC 
regime).
In the PC regime, the current density am-
plitude, jA, of 440 mA cm
–2, deposition pulse of 
10 ms and pause duration of 10 ms were selected 
(this type is further denoted as PC).
In the RC regime, the cathodic current den-
sity, jc, of 440 mA cm
–2, the anodic current density, 
ja of 200 mA cm
–2, the cathodic pulse duration, tc, 
and the anodic pulse duration, ta, of 10 ms were 
selected (this type is further denoted as RC).
Copper was electrodeposited with quanti-
ties of electricity of 10 mA h cm–2.
The obtained copper deposits were exam-
ined using a scanning electron microscope (TES-
CAN Digital Microscopy).
The average current efficiency of hydrogen 
evolution, hI,av(H2), was determined using the ex-
perimental procedure described in Refs. [18, 19, 
21].
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3. RESULTS AND DISCUSSION
Figure 1 shows the honeycomb-like struc-
tures obtained in the constant galvanostatic (DC) 
regime (Figure 1a), the pulsating current (PC) re-
gime (Figure 1b) and the reversing current (RC) 
regime (Figure 1c). The quantities of evolved hy-
drogen spent in the formation of these structures 
corresponded to the following average current ef-
ficiencies of hydrogen evolution, ηI,av(H2): 36.0% 
(the DC regime) [19], 30.0% (the PC regime) [19] 
and 21.2% (the RC regime) [22].
Analysis of the honeycomb-like structure 
electrodeposited at a constant current density of j = 
440 mA cm–2 (the DC regime; Figure 1a) revealed 
the presence of two types of holes formed by de-
tached hydrogen bubbles: (a) individual holes (or 
“non-coalesced” holes; Figure 2a), and (b) holes 
obtained by the coalescence of closely formed hy-
drogen bubbles (or “coalesced” holes; Figure 2b). 
Very disperse cauliflower-like agglomerates of 
copper grains were formed between holes (Figure 
2c) and the presence of deep irregular channels 
of detached hydrogen bubbles that had formed 
around the small copper grain agglomerates was 
easily noted. The number and size of holes and the 
wall width between them were determined by the 
quantitative analysis of SEM micrographs, shown 
in Figures 1a and 2. The overall number of holes 
formed by detached hydrogen bubbles was esti-
mated to be 170 per mm2 surface area of the cop-
per electrode. The average size of the holes was 
about 80 mm, while the wall width between them 
was 40 mm.
Fig. 1. The honeycomb-like structures obtained: a) in the constant galvanostatic regime (DC),  
as well as by the regimes of b) pulsating (PC) and c) reversing (RC) currents
a) b)
c)
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The application of the PC regime with a 
deposition pulse of 10 ms and a pause of 10 ms 
led to a suppression of coalescence of closely 
formed hydrogen bubbles (Figure 1b). Due to 
the suppressed coalescence of closely formed 
hydrogen bubbles, the number of formed holes 
was greater than that in the DC regime. The 
number of holes formed by detached hydrogen 
bubbles in the PC regime was estimated to be 260 
per mm2 surface area of the copper electrode. 
A typical hole obtained after the detachment of 
hydrogen bubbles from the electrode surface 
is shown in Figure 3a, while cauliflower-like 
agglomerates of copper grains formed between 
holes, as shown in Figure 3b. The average hole 
size was about 80 mm and it was equal to the 
size of non-coalesced holes obtained in the 
DC regime. In Figure 3b it can be noted that 
the small copper agglomerates inside large 
cauliflower-like agglomerates were packed 
closer to each other in relation to those packed 
in the DC regime. Due to the denser packing 
of cauliflower-like copper grain agglomerates, 
a decrease in the wall width between holes was 
observed and the estimated wall width in the 
honeycomb-like structure obtained by the PC 
regime was 30 mm.
a) b)
c)
Fig. 2. The typical elements of the honeycomb-like structure obtained by galvanostatic electrodeposition:  
a) “non-coalesced” hole, b) “coalesced” hole and c) cauliflower-like agglomerates of  
copper grains formed between holes
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The analysis of the honeycomb-like 
structure obtained by the RC regime with 
an anodic current density of 200 mA cm–2 
also showed the absence of holes formed by 
the coalescence of closely formed hydrogen 
bubbles. The number of holes formed by 
detached hydrogen bubbles was estimated 
to be 280 per mm2 surface area of the copper 
electrode. The mild increase in the number of 
formed holes in relation to that obtained in the 
PC regime can be ascribed to the improvement 
of the current density distribution at the 
growing electrode surface [23]. A typical hole 
obtained by this square-wave RC is shown in 
Figure 4a, and the average diameter of these 
holes was about 50 mm. The morphology of the 
electrodeposited copper between holes is shown 
in Figure 4b. It can be noted by the analysis of 
Figure 4b that dendrites had formed at the tops 
of small agglomerates of copper grains; one 
dendrite from Figure 4b is shown at increased 
magnification in Figure 4c. From Figure 4b, it 
can be also noted that the deep irregular channels 
around small copper agglomerates were almost 
lost, making this honeycomb-like structure more 
compact than those obtained in both the DC and 
PC regimes. Due to the increased compactness 
of the honeycomb-like structure, a further 
decrease in the wall width was observed. The 
wall width between holes in the honeycomb-
like structure obtained by the RC regime was 
28 mm. It can also be seen in Figure 4b that 
the spherical diffusion layers inside the linear 
diffusion layer of the macroelectrode were 
formed around small agglomerates of copper 
grains. Anyway, it is clear that the application 
of the RC regime led to a redistribution of 
evolved hydrogen, decreasing the contribution 
of generated hydrogen to the creation of channel 
structure through the interior of the deposit 
and increasing the compactness of the formed 
structures (the current density distribution 
effect) [17, 20].
As already mentioned, the quantities of 
evolved hydrogen and hence the average current 
efficiencies of hydrogen evolution decreased 
with the application of periodically changing 
regimes of electrolysis. The average current 
efficiency of hydrogen evolution, ηI,av(H2) for 
the honeycomb-like electrode formed by the PC 
regime, was 16.7% smaller than ηI,av(H2) for that 
obtained with the DC regime. This difference 
was greater when the values of ηI,av(H2) obtained 
for the honeycomb-like structures in the DC and 
RC regimes were compared. Then, a difference 
of 41.1% was obtained.
a) b)
Fig. 3. The typical elements of the honeycomb-like structure obtained by the pulsating current (PC) regime:  
a) “non-coalesced” hole and b) cauliflower-like agglomerates of copper grains formed between holes
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Simultaneously, the specific surface area 
of the honeycomb-like electrodes determined 
by the number and the size of holes, as well as 
by the wall width between them was increased 
by the application of the PC and RC regimes. 
The number of holes formed by detached 
hydrogen bubbles increased in the following 
order: the DC regime, the PC regime, and 
finally, the largest number of holes was formed 
in the RC regime. In the same order, the wall 
width between holes decreased. On the other 
hand, the average size of holes formed by the 
RC regime was smaller than that obtained for 
both the DC and PC regimes. 
The change in the copper surface 
morphology around holes from very disperse 
cauliflower-like agglomerates of copper grains 
to relatively compact ones with dendrites on 
their tops can be explained since, generally, 
two types of pores are formed by the hydrogen 
evolution reaction during the electrodeposition 
process [24]. The first type are macro pores (or 
holes) formed by detached hydrogen bubbles. 
The origin of these pores is the hydrogen 
Fig. 4. The typical elements of the honeycomb-like structure obtained by the reversing current 
(RC) regime: a) “non-coalesced” hole, b) cauliflower-like agglomerates of copper grains formed 
between holes with small dendrites at their tops and c) a small dendrite formed at the top  
of an agglomerate of copper grains
a) b)
c)
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bubbles that formed in the initial stage of the 
electrodeposition process. These hydrogen 
bubbles are responsible for the creation of 
the honeycomb-like structure and they do not 
contribute to solution stirring and to changes in 
hydrodynamic conditions in the near-electrode 
layer after detachment from the electrode 
surface. It can be supposed that the same 
quantity of evolved hydrogen is spent for the 
creation of macro pores because the current 
density, the current density amplitude and the 
cathodic current density were same.
The origin of the second type of pores 
is hydrogen bubbles generated at the tops of 
the agglomerates of copper grains during the 
growth process (the current density distribution 
effect) [24]. The copper grain agglomerates are 
formed at the electrode surface in the initial stage 
of electrodeposition together with hydrogen 
bubbles. Some of the freshly formed hydrogen 
bubbles will coalesce with hydrogen bubbles 
formed in the initial stage of electrodeposition, 
leading to their growth with electrolysis time 
(an increase in macro pores). Meanwhile, some 
of the newly formed hydrogen bubbles will 
not coalesce with primarily formed hydrogen 
bubbles because they are situated between 
freshly formed copper nuclei, which represent 
a barrier to coalescence with hydrogen bubbles 
formed in the initial stage of electrodeposition 
and the development of large hydrogen bubbles 
is suppressed. These hydrogen bubbles will 
detach from the electrode surface very quickly, 
forming micro- and nanopores through the 
interior of the deposit. A “current of hydrogen” 
is formed by these small detached hydrogen 
bubbles, causing solution stirring and a change 
in the hydrodynamic conditions in the near-
electrode layer. Of course, these micro- and 
nanopores make the channel structure through 
the interior of the deposit. 
Hence, the morphology of deposit between 
holes is determined by the difference between 
the overall quantity of evolved hydrogen and 
that spent for the formation of macro pores. A 
decrease in this difference, which causes stirring 
of the solution in the near-electrode layer, was 
obtained by the application of the PC and RC 
regimes, leading to a change in the morphology 
of electrodeposited copper from very disperse 
agglomerates of copper grains to those with 
dendrites on the tops. 
The concept of “effective overpotential” 
is proposed to explain the formation of honey-
comb-like structures by different electrolysis 
regimes. This concept was originally proposed 
to explain the change in surface morphology 
during copper electrodeposition in the constant 
potentiostatic regime at high overpotentials 
where, parallel to copper electrodeposition, 
strong hydrogen evolution occurs [2, 4].This 
concept was also found to be valid for the PC 
and RC regimes, denoted as “effective overpo-
tential amplitude” [20, 21]. According to this 
concept, when hydrogen evolution is vigorous 
enough, then the electrodeposition process oc-
curs at some overpotential which is effectively 
lower than the specified one, and this overpo-
tential is denoted by an “effective” deposition 
process. From the morphological point of view, 
this means that the morphologies of metal de-
posits become similar to those obtained at some 
lower overpotentials where hydrogen evolution 
does not occur or it is minimal. 
The appearance of dendrites clearly 
indicated that the effectiveness of the solution 
stirring decreased with electrodeposition at a 
periodically changing rate. Due to the decrease 
in the effectiveness of solution stirring in 
the near-electrode layer, the thickness of the 
diffusion layer increased and the limiting 
diffusion current density decreased, causing 
an increase in the degree of diffusion control 
of the electrodeposition process. From the point 
of view of the mechanism of electrodeposition 
processes in the hydrogen co-deposition range, 
this means that the effective overpotential 
amplitude will increase with the application 
of the PC and RC regimes. The change in the 
morphology of electrodeposited copper from 
very disperse agglomerates of copper grains 
to dendrites (Figures 2c, 3b, 4b and c) clearly 
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points to the increase in the overpotential of the 
electrodeposition process with the application 
of the PC and RC regimes. 
Aside from the increase in the specific 
surface area of the honeycomb-like electrodes, 
another convenient aspect of the application of 
periodically changing electrolysis regimes on 
the formation of the honeycomb-like structures 
was found, i.e. an improvement in structural 
stability. It is a well-known fact that the structural 
stability of a deposit is closely associated 
with the quantity of hydrogen evolved at the 
electrode surface during the electrodeposition 
process [19, 21, 25]. A smaller quantity of 
evolved hydrogen and better structural stability 
of the deposit is obtained. The decrease in the 
quantity of evolved hydrogen spent for the 
formation of the honeycomb-like electrodes by 
the RC regime clearly indicates an improvement 
in the structural stability of these electrodes 
in relation to those obtained by the other 
electrolysis regimes, such as the PC regime and 
the constant galvanostatic regime. The main 
problem with the commercial application of 
periodically changing regimes of electrolysis 
in the production of the honeycomb-like 
electrodes is the high price of a pulse rectifier, 
which is much greater than the cost of a DC unit 
[26]. Further developments in the electronic 
industry will probably decrease the cost of 
these rectifiers and will enable their broader 
application in electrochemical technologies.
4. CONCLUSIONS
A comparative analysis of the honeycomb-
like structures obtained by both constant 
galvanostatic (DC) and periodically changing 
regimes (pulsating (PC) and reversing (RC) 
currents) of electrolysis was performed. In all 
experiments, the applied current density (the 
DC regime), the current density amplitude (the 
PC regime) and the cathodic current density 
(the RC regime) were the same (440 mA cm–2). 
In the PC and RC regimes, the selected values 
of the deposition pulse (and the cathodic pulse 
duration) and pause duration (and the anodic 
pulse duration) were 10 ms. In the RC regime, 
the anodic current density was 200 mA cm–2.
The quantities of evolved hydrogen 
and hence the average current efficiencies of 
hydrogen evolution spent for the formation of 
the honeycomb-like electrodes decreased by 
the application of the PC and RC regimes. The 
number of holes formed by detached hydrogen 
bubbles increased and the wall width between 
holes decreased in the following order: the 
DC, PC and RC regimes. In the same order, 
a change in copper surface morphology from 
very disperse cauliflower-like agglomerates 
of copper grains to relatively compact ones 
with dendrites on their tops was observed. The 
average size of the holes formed in the RC 
regime was smaller than that formed in the DC 
and PC regimes.
On the basis of the obtained values for the 
overall number of formed holes, the hole size 
and the wall width between holes, the increase in 
the specific surface area of the honeycomb-like 
electrodes with the application of a periodically 
changing electrolysis regime was concluded.
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